Background Immobilization-induced loss of muscle mass is a complex phenomenon with several parallels to sarcopenic and cachectic muscle loss. Muscle is a large organ with a protein turnover that is orders of magnitude larger than most other tissues. Thus, we hypothesize that muscle loss and regain is reflected by peptide biomarkers derived from type VI collagen processing released in the circulation. Methods In order to test this hypothesis, we set out to develop an ELISA assay against an type VI collagen N-terminal globular domain epitope (IC6) and measured the levels of IC6 and an MMP-generated degradation fragment of collagen 6, (C6M) in a human immobilization-remobilization study setup with young (n=11) and old (n=9) men. They were subjected to 2 weeks of unilateral lower limb immobilization followed by 4 weeks of remobilization including thrice weekly resistance training, using the contralateral leg as internal controls. Subjects were sampled for strength, quadriceps muscle volume and blood at baseline (PRE), post-immobilization (2W), and post-remobilization (4W). Blood were subsequently analyzed for levels of the C6M and IC6 biomarkers. We subsequently tested if there was any correlation between C6M, IC6, or the C6M/IC6 ratio and muscle mass or strength at baseline. We also tested whether there was any relation between these biomarkers and changes in muscle mass or strength with immobilization or remobilization. Results The model produced significant loss of muscle mass and strength in the immobilized leg. This loss was bigger in young subjects than in elderly, but whereas the young recovered almost fully, the elderly had limited regrowth of muscle. We found a significant correlation between IC6 and muscle mass at baseline in young subjects (R 2 =0.6563, p=0.0045), but none in the elderly. We also found a significant correlation between C6M measured at the 4W time point and the change in muscle mass during remobilization, again only manifesting in the young men(R 2 =0.6523, p=0.0085). This discrepancy between the young and the elderly may be caused in part by much smaller changes in muscle mass in the elderly and partly by the relative small sample size. Conclusion While we cannot rule out the possibility that these biomarkers in part stem from other tissues, our results strongly indicate that these markers represent novel biomarkers of muscle mass or change in muscle mass in young men.
Introduction
Awareness of muscle mass and/or loss as a health parameter and predictor of functional capacity and quality of life is rapidly increasing in the medical as well as the pharmaceutical communities. This is especially true as the proportion of the populations in the western world that can be considered elderly is increasing, as is the incidence of impaired musculoskeletal mass or function. Impaired muscle function reduces habitual physical activity levels, thereby negatively impacting metabolism and cardiovascular health. Also, as muscle tissue is important in the regulation of glucose metabolism and provides amino acids for intermediary metabolism in immune cells, loss of muscle mass impairs glycemic control and reduces immune system capacity. Thus, while there is no question that maintaining muscle mass and function is paramount to health and functional independence, it is unclear to what extent loss of muscle mass is a consequence of pathology and to what extent it may contribute to pathology.
Despite this fact, measuring muscle mass or muscle function is not a standardized part of clinical practice, probably due to the economical or logistical expense in relation to the perceived benefits of such measurements. The emerging interest in muscle loss as more than a symptom may change this, as may availability of logistically more feasible techniques, which holds true in particular for pharmaceutical trials where monitoring primary as well as adverse intervention effects in large cohorts is the main objective. Quantifying muscle pathology, mass, or changes therein has historically been reliant on biophysical tools: (1) mechanical measurements of limb girth or skinfold thickness, (2) conductance/absorbance of Xrays/sound in the body, or (3) magnetic resonance imaging [1, 2] . If a biochemical biomarker of muscle mass or function could be found (in blood or urine), the logistical demands of this technology would likely be of a magnitude that would facilitate its use in clinical practice and trials. Indeed, utilizing new and improved biomarker technologies to improve selection and monitoring of clinical trial cohorts has been proposed to be an important tool in reducing the otherwise exploding expenses associated with conducting clinical trials [3, 4] . Therefore, finding good muscle biomarkers whose measurement is of limited logistical complexity is essential to the clinical fields of sarcopenia and cachexia [1] .
Type VI collagen (COL6) is a basement membrane protein expressed in most tissues, but highly abundant in muscle sarcolemma [5] . Defects in the corresponding gene have thus far only been associated with a range of congenital muscle dystrophy phenotypes, most notably but not restricted to, the Bethlem and Ullrich Myopathies, which indicates an indispensable role in muscle tissue [6] [7] [8] [9] . Based on the involvement of COL6 in these muscle dystrophies, we set out to elucidate if serum levels of type VI collagen fragments could be used as biomarkers of muscle mass or change therein.
In order to pursue this concept, levels of two type VI collagen fragments were measured in relevant models of muscle loss and muscle gain: a previously described C6M biomarker ELISA kit [6] [7] [8] [9] [10] and a novel fragment sequence recognized by our novel antibody and ELISA kit (IC6). C6M is a Cterminal peptide produced through MMP-2/-9-mediated proteolysis of collagen VI. Activities of both MMP-2 and -9 are upregulated in several forms of muscle tissue loss [6, 8, 9, 11] and an increased abundance of this peptide in serum could be expected with immobilization-induced muscle loss. The IC6 recognizes an internal amino acid sequence of the N-terminal globular domain of type VI Collagen, i.e., recognizing fragments set free from partial proteolysis, not just from MMP cleavage. Thus, we expect IC6 fragments to be produced during tissue turnover and remodeling, possibly representing a biomarker of muscle mass in the steady state condition (as muscle tissue turnover is proportional to muscle mass in the steady state). Although collagen VI is present in other tissues, the sheer abundance, gross protein turnover, and indispensability in muscle may indicate that the majority of these peptides in blood are primarily derived from muscle tissue turnover.
The protein component that makes up the vast majority of the volume in otherwise healthy muscle is the myofibrillar proteins. As collagen VI is a sarcolemmal protein, any relation to muscle mass would depend on a similar change in turnover in myofibrillar proteins relative to extracellular matrix muscle proteins, i.e. that the ratio between myofibrillar proteins and ECM proteins are not skewed with interventions. While this ratio does seem to change in several animal studies, this does not seem to be the case with human muscle during immobilization [12, 13] . Also from a biological point of view, it makes sense that the total amount of sarcolemma (and thus sarcolemmal proteins) is related to the size of myofibers.
Summarizing, we hypothesized that IC6 is a biomarker of muscle tissue turnover or possibly muscle tissue, whereas C6M is a (positive) biomarker of muscle protein degradation.
Methods

Subjects
Twenty healthy men, 9 old (OM) and 11 young (YM) ( Table 1) , volunteered to participate in the study. Before immobilization, there was no difference in body weight between OM and YM, whereas OM had a larger percentage of body fat than YM [11] . No weight changes occurred during the study period. To minimize potential differences in physical activity as a confounding variable, subjects with similar activity levels were included (OM, 5.2±1.4 h/week; YM, 5.0±0.9 h/week), assessed by using an occupational and recreational activity questionnaire [14] . None of the subjects had previously participated in systematic resistance training. All subjects underwent medical evaluation, including review of previous medical history and physical examination before participation, and none had a previous record of acute or chronic illness or took any medication affecting skeletal muscle function. All subjects were informed of the risks associated with the investigation and provided their written, informed consent. The study (KF01-322606) was approved by the local Ethics Committee of Copenhagen in accordance with the Helsinki declaration.
Experimental procedure
Familiarization with the testing procedures was carried out in separate sessions 2 weeks before the start of the study. All subjects underwent 2 weeks of lower limb cast immobilization, followed by 4 weeks of resistance training. Blood sampling and testing of muscle mechanical function was performed on separate days 1 week before (PRE) and 24 h after immobilization (2W), as well as 48 h after retraining (4W). Subjects were instructed not to engage in any vigorous physical activity 24 h before a test session. Following blood sampling, each test session included assessment of body height and weight, as well as measurements of selected parameters of knee extensor muscle mechanical function, which was always preceded by a brief low-intensity warmup on a cycle ergometer (5 min, 50-150 W). To minimize the influence from diurnal variation, each subject was tested at the same time of day (±2 h). Strength testing and quadriceps muscle volumetry was performed as previously described [11, 15] . Briefly, muscle volume was calculated from serial T1-weighted MRI scans from the just below the femoral condyle to the knee three times by a blinded observer. Muscle strength was measure in a KinCom dynamometer at 70°k nee angle from three successive attempts at generating maximal isometric force.
Immobilization
The immobilization procedure has previously been described in detail [7, 11] . In brief, immobilization was accomplished by unilateral whole leg casting (randomly selected limb) using a lightweight cast (X-lite, Allard) with the knee joint fixed at an angle of 30°(0°full extension). The cast was not removable at any time during the immobilization period. Subjects were carefully instructed to perform all ambulatory activities on crutches, to abstain from ground contact, and to refrain from performing muscle contractions in the immobilized leg. , To reduce the potential risk of venous thrombosis, subjects were informed to perform isolated, unloaded plantar and dorsal ankle flexions in the immobilized leg several times a day [10, [16] [17] [18] .
Retraining
After removal of the cast, subjects received manual mobilization of their immobilized leg by a physiotherapist to ensure normal range of motion around the knee joint. Retraining began 2 days after cast removal and consisted of 4 weeks of unilateral strength training of the immobilized leg (three sessions/week) to yield a total of 12 training sessions. None of the subjects missed any training sessions. All training sessions were supervised, and subjects were continuously provided with feedback on the performed exercises. After adequate warm-up, subjects performed knee extension, leg press, and knee flexion in load-adjustable machines (Technogym International). Subjects performed three to five sets of 10-12 repetitions, decreasing in set length and increasing in set number and intensity in a progressive manner. Training loads were progressively adjusted in the first training session of each week by use of 5RM tests.
ELISA development
Development of the novel IC6 ELISA assay is described in the supplementary material. Briefly, the antigen of choice was used to raise antibodies in mice that were selected for antibody titer response. Following several booster shots, their spleens were removed and used to lymphocyte isolation. Spleen lymphocytes were used to create hybridomas. Hybridomas were selected for specificity and selectivity. The best candidate antibody from selected hybridomas entered into construction and optimization of a competitive ELISA assay. During biological characterization we have shown extraction of IC6 fragments from human and rat muscle samples (data not shown).
Biomarker assays
All biomarker assays were competitive ELISA assays based on proprietary antibodies against the relevant peptides. Each ELISA assay was conducted as follows: streptavidin-coated 96-well ELISA plates were incubated with a biotinylated coater in 100 μl coating buffer for 30 min at 20°C on a shaker (at 300 rpm). Next, the plate was incubated with 20 μl of sample or standard/calibrator and 100 μl of HRPconjugated monoclonal antibody diluted in Ab incubation buffer for a defined period of time in a fixed-temperature cabinet. After each incubation step, the plate was washed five times in washing buffer (20 mM Tris, 50 mM NaCl, pH 7.2). Finally, 100 μl tetramethylbenzinidine (TMB) (Kem-En-Tec cat. no. 438OH) was added and the plate was incubated for 15 min at 20°C in the dark. The TMB reaction was stopped by adding 100 μl stopping solution (1 % H 2 SO 4 ) and measured spectrophotometrically at 450 nm with 650 nm as the reference. The specifics of each assay can be found in Table 2 .
Statistical analysis
All biomarkers were compared to muscle strength (knee extensor MVC) and quadriceps volume (by MRI) at baseline. Also, each biomarker were compared to the change in muscle volume in the preceding period, e.g., biomarker levels at 2W vs. change in muscle mass or strength from PRE to 2W. All biomarkers analysis was done using Graphpad Prism 6 (v6.00) for Windows.
Results
Changes in muscle mass, strength, and biomarker levels over time
Levels of IC6 and C6M did not differ significantly between age groups or time points (Table 3) . Strength and muscle mass data have been published previously [11] , but are summarized briefly in Table 5 for reference with permission from the original publisher (APS). Briefly, muscle mass was lost in both groups, but muscle loss was more pronounced in YM than in OM. During remobilization, there was little muscle regain in OM, whereas there was almost complete recovery in YM. For strength, both groups lost strength and regained it fully upon recovery.
Correlation to muscle mass or strength at baseline
We found significant correlations between IC6 levels and muscle mass at baseline, across all the subjects (p=0.038). This is primarily driven by a strong correlation in the young (p=0.004) (Fig. 1a) , whereas none is present if the analysis is isolated to the elderly subjects (Table 4) . No significant correlations to muscle strength manifested.
Correlations to changes in muscle mass or strength
Furthermore, we observed a correlation between C6M levels at the 4W time point and change in muscle mass during remobilization (from the 2W time point to the 4W time point). This was present across all subjects pooled (p=0.037), but again this was driven by a strong correlation present in the young subjects only (p =0.008; Fig. 1b) , whereas none could be found if the analysis was confined to the elderly (Table 5) . We also found a correlation between IC6 at the 2W time point displayed an inverse correlation with the change in muscle mass during immobilization. This was present across both age groups (p=0.014), but driven by a correlation in the young men (p=0.015). However, this correlation appeared to be driven very strongly by a single outlier. No significant correlation to changes in muscle strength manifested, probably due to the bigger variation in strength parameters, effectively making our study underpowered to detect such relationships.
Discussion
In the present study, we developed an antibody and corresponding ELISA assay detecting a novel Type VI collagen fragment (termed IC6) and measured said fragment and another previously described collagen type VI fragment, termed C6M, in a model of immobilization/remobilization-induced muscle loss and recovery in young and elderly subjects. This was done in order to elucidate whether the C6M and IC6 peptides are biomarkers of muscle mass and/or changes therein. We found that levels of the IC6 peptide correlated with muscle mass at baseline and furthermore that levels of the C6M peptide correlated with the anabolic response during remobilization, particularly in the young.
IC6 assay
We have developed a solid ELISA assay, showing a high degree of specificity for fragments containing a sequence unique to the N-terminal globular domain of the Collagen 
Biomarkers of muscle mass
We report a significant correlation between the amount of the immunoreactive IC6 peptide and muscle mass at baseline, particularly in young men. Previously, the best-characterized biomarker of muscle mass that could be measured in bodily fluids was creatinine.
Creatinine is produced at a continuous rate from metabolism of creatine and excreted with no tubular reabsorption explaining its use a marker of glomerular filtration rate. As the majority of creatine is in muscle, the notion that creatinine could be a marker of muscle mass was presented as early as 1919 [21] . Later, this was shown in several human studies to hold true, most notably by work of Heymsfield et al. [22, 23] . However, as diuresis varies along the course of the day, this technique requires 24-h urine sampling. Furthermore, as meat contains creatine, which is converted to creatinine during digestion, meat intake will significantly perturb creatinine measurements. During optimal circumstances (average of 24-h urine of days 4 to 8 following the initiation of a meatfree diet), urine creatinine correlates strongly with measures of muscle mass, e.g., arm circumference (R 2 =0.80-0.85) [22, 24] . The same group have shown that 24-h urinary levels of the methylated amino acid 3-methyl histidine (3MH) produced in muscle also correlates well with muscle mass (R = 0.88) under similar conditions (last 3 days of a week on a meat-free diet) [25] . While these correlations may seem impressive, putting subjects in clinical trials or patients on meat-free diets, waiting for 4 days (for dietary creatinine to clear the system) and sampling 24-h urine continuously for several days makes this technology less than ideal.
Thus, the reported relation between IC6 levels and muscle mass is stronger than those previously reported for any biomarker technology of comparable logistical sampling requirements and we therefore propose this a novel biomarker of muscle mass in young subjects. Further validation in larger studies will show under what circumstances we can extend this relation to elderly subjects as well.
Given that IC6 seem to be a biomarker of muscle mass in itself, one might think that changes in the levels of IC6 should be a biomarker of change in muscle mass. While this may be the case for gross changes, analyzing for this was not part of the initial analysis for statistical reasons. As the interand intra-assay variations are 11.75 and 11.05 %, respectively, changes in biomarkers across time points will have the same variability. This means that small changes in the correlate, muscle mass, become very difficult to detect, as they are much smaller than the aforementioned 11 %, and therefore drowning in statistical noise.
Biomarkers of anabolic response
As of now, the only way to truly get a "snapshot" of the process of muscle anabolism or catabolism, the very processes of tissue accretion or degradation, is through stable isotope-based techniques, involving labeling tissues and measuring enrichment or dilution before and after an intervention. Thus, this technique requires repeated tissue (muscle biopsies) and blood samplings again representing a logistically challenging technique. Urinary or serum 3MH has been proposed as an alternate marker of muscle protein degradation. This amino acid is produced in actomyosin complexes in all muscle tissues and not subject to reuse through tRNA transfer or intermediary metabolism and thus represents a good biomarker candidate in theory. However, data have been conflicting as interventions shown to increase protein degradation through stable isotope-based techniques, does not consistently result in increases in serum or microdialysis of 3MH [26] [27] [28] .
In the present work, C6M was found to correlate negatively with the change of muscle mass during remobilization. This indicates that a downregulation of MMP-2 or -9 proteolysis leading to lower levels of the C6M peptide is associated with a better regrowth of muscle, i.e., lower degradation during remobilization leads to better regrowth, which is essentially in agreement with our initial hypothesis. Serum C6M has previously been found to increase with carbon tetrachloride (CCl 4 ) administration and bile duct ligation [10] and circulating levels of collagen VI has been reported to be a biomarker of alcoholic liver disease [29] . In those studies, the presence of collagen VI fragments or the intact peptide were interpreted as markers of hepatic tissue changes. But liver failure, as all organ failures, causes sarcopenia or cachexia, depending on severity and the organ in question, in animals as well as Fig. 1 Biomarker correlations vs. muscle characteristics: a Serum IC6 PRE vs. muscle volume (baseline): IC6 displays a highly significant positive correlation with muscle mass at baseline in young men. Although this is not conclusive proof that circulating IC6 is musclederived it substantiates that IC6 is a biomarker of muscle mass. Due to incomplete blood sample sets, there is only an n of 10 for this correlation. b C6M 4W vs. remobilization muscle gain: C6M titer is a negative biomarker for muscle hypertrophy during retraining. Lower levels of C6M following 4 weeks of retraining correlates with bigger hypertrophy during the same period. Due to incomplete blood sample sets, there is only an n of 9 for this correlation humans [30, 31] and both of the models utilized in the Veidal study, CCl 4 administration and bile duct ligation, have been shown to cause muscle loss in themselves [31] [32] [33] . Considering that in the present study C6M responds in the absence of an intervention that affects the liver significantly, we therefore consider it likely that the changes reported here could indeed stem from muscle remodeling rather than liver remodeling. As these MMPs have previously been shown to be upregulated with immobilization, this further strengthens the notion that the C6M peptide is a muscle-derived MMP cleavage fragment [6, 9] . Hence, we propose that the collagen VI fragment is a novel marker of anabolic response to training following immobilization. Further research will show if this extends to more generalized anabolic responses, e.g. during normal resistance training, treatment with selective androgen receptor modulators (SARMs) or other anabolic agents. We also found an inverse correlation between IC6 at the 2W time point and the change in muscle mass during immobilization, but this correlation was driven by a single outlier in the young men. When the same analysis was performed with automatic outlier exclusion, this correlation disappeared (which was not the case for the other reported correlations). As IC6 levels were fairly stable over time, this indicates that the ones with the highest IC6 (and thus highest muscle mass), loses the most muscle, which does seem to hold some merit. But as mentioned, this correlation seems questionable due to the strong influence by a single measurement.
Correlations in young vs. old subjects
The biomarker associations that we report in this paper only manifested strongly in the young subjects in this study. There are several possible explanations to this.
First of all, the loss of muscle mass during immobilization and subsequent recovery during remobilization was significantly smaller in the old individuals than what was observed seen in the young. Thus, if our hypothesized collagen VI fragments are indeed biomarkers of muscle mass or change therein, the study may have been statistically underpowered for the purpose of validating these markers as muscle biomarkers in elderly subjects.
Secondly, the elderly subjects were more heterogenous as such. Almost all the young subjects were university students, whereas the elderly subjects represented more diverse occupations and habit. This was reflected in their habitual physical activity levels, for which the SEM was almost twice as big in the elderly as in the young (Table 1 ). It has previously been shown that with age absolute levels of biomarkers changes just like their variability is known to increase [34] .
Third, given that the present biomarkers are derived from an extracellular matrix protein that is not fully exclusive to muscle, it must be expected that age-associated altered ECM turnover in other tissues can possibly contribute to levels of biomarkers in blood, thereby masking the part of the biomarker signal that is related to muscle.
Unilateral lower limb immobilization as a muscle loss model
The muscle tissue comprises 25-40 % of the total body mass in adults (20-32 kg in a normal 80-kg adult man). The unilateral immobilization through casting from the hip to the toes utilized in our study, affected approximately 25-30 % of the total muscle mass, given that the lower body is considered to contain 50-60 % of total muscle mass and only one leg is immobilized. However, a lesser degree of immobilization for the rest of the body should also be expected as the subjects were using crutches. Thus, the reported 4-9 % loss of quadriceps mass represents a much smaller change in total muscle mass. This actually reinforces the findings regarding the C6M response to reloading as this may indicate that full-body immobilization would have produced bigger changes in C6M levels.
Limitations
We acknowledge that at this point we cannot prove that the measured peptides are derived from muscle mass exclusively. While we can prove that these peptide fragments are produced in muscle, we cannot exclude the possibility that that they are also produced in other tissues. However, one must first consider the contribution of muscle mass to total body mass, relative to the contributions from liver, kidney, skin, fat, or other tissues, and second, it remains that the intervention utilized in this model produced changes in biomarker serum levels that (significantly) correlated with the muscle response to unloading and reloading, supporting the notion that these biomarkers are indeed products of changes in muscle ECM secondary to changes in muscle mass. Another limiting factor, not on the present findings, but on the concept and application of peptide fragment biomarkers like these, is the absolute absence of knowledge about the kinetics. To the knowledge of the authors, there is no literature describing the rate of appearance, plasma binding/volume of distribution and rate of elimination. Also, there does not appear to be proposed consensus elimination mechanisms for peptide fragment biomarkers as such. This may limit the application of biomarkers in different diseases, where serum binding varies, e.g., through an effect on albumin, or where kidney and liver metabolism is perturbed.
Conclusion
Summarizing, we present two novel biomarkers of muscle mass and the anabolic response to reloading following immobilization in young men. Both can be sampled without any particular logistical requirements and both explain up to 70-80 % of the variation in muscle mass or change in muscle mass. Further research will be undertaken to prove tissue origin of these biomarkers, with other interventions, in more heterogeneous populations and to determine if and under what circumstances these markers work such populations.
